Previous work has demonstrated that human beings employ a processing assumption, the boundary-flow constraint, in perceiving the order of depth at an edge. Subjects perceive depth order of surfaces on the basis of the relative motions of an image boundary and a projected surface texture on either side ofthe boundary. In the present study, adult subjects viewed computergenerated kinematograms in which boundary-flow information provided the only cue for depth order. The results of Experiments 1 and 2 indicate that common motion between boundary and texture and differential motion between boundary and texture can independently generate the perception of ordered depths of surfaces. In Experiment 3, we examined the interaction of two processes involved in the extraction of depth order from boundary-flow displays: (1) the propagation of foreground and background surfaces from texture to boundary; and (2) the computation of depth order of surfaces on either side of the boundary. The results indicate that while the mechanism that computes depth from boundary-flow information functions reliably when the mean distance between texture and boundary is 8.1°, surface propagation may be disrupted for distances of this magnitude.
Previous work has demonstrated that human beings employ a processing assumption, the boundary-flow constraint, in perceiving the order of depth at an edge. Subjects perceive depth order of surfaces on the basis of the relative motions of an image boundary and a projected surface texture on either side ofthe boundary. In the present study, adult subjects viewed computergenerated kinematograms in which boundary-flow information provided the only cue for depth order. The results of Experiments 1 and 2 indicate that common motion between boundary and texture and differential motion between boundary and texture can independently generate the perception of ordered depths of surfaces. In Experiment 3, we examined the interaction of two processes involved in the extraction of depth order from boundary-flow displays: (1) the propagation of foreground and background surfaces from texture to boundary; and (2) the computation of depth order of surfaces on either side of the boundary. The results indicate that while the mechanism that computes depth from boundary-flow information functions reliably when the mean distance between texture and boundary is 8.1°, surface propagation may be disrupted for distances of this magnitude.
To distinguish foreground from background in the visual field is a fundamental task for any visually sensitive organism. One way in which this task might be accomplished would be through the detection of lawful patterns of change in the retinal image resulting from motion of the observer and/or objects. For instance, as an observer moves about in an environment, some surfaces are progressively occluded from the observer's view and others are disoccluded. Until recently, it was thought that human perception of the kinetic occlusion of one surface by another was due to the appearance (accretion) and disappearance (deletion) of surface texture that occurs when the occluded surface is progressively uncovered or covered, respectively (Gibson, Kaplan, Reynolds, & Wheeler, 1969; Kaplan, 1969) . Kaplan (1969) presented adult subjects with a film consisting of a rectangular area ftlled with randomly located texture elements. When this display was stationary, it appeared to be a single continuous textured surface. When the texture underwent lateral motion, a subjective contour was perceived at the margin where texture elements were accreted and deleted. The subjects reported a vivid impression of relative depth at the contour, with the accreted and deleted texture apThis research was supported by a National Institute of Child Health and Human Development grant awarded to Albert Yonas (HD-16924). The first author was supported by a Graduate Fellowship to the Center for Research in Learning, Perception, and Cognition from the National Institute of Child Health and Human Development (HD-07151-Q7). The authors wish to thank Kim Pearson and Ann Bensen for their valuable assistance, and Jonathon Marshall and two anonymous reviewers for comments on earlier drafts. Correspondence and requests for reprints should be sent to Lincoln G. Craton, Department of Psychology, University of Illinois, 603 E. Daniel St., Champaign, IL 61820. 169 pearing as part of an occluded surface. More recent studies have yielded similar results with adults (Andersen & Braunstein, 1983) and 5-month-old infants (Granrud et al., 1984) . Thompson, Mutch, and Berzins (1985) have shown that there is an alternative source of information for the order of depth at an edge. The relative depth order of surfaces is specified by the relationship between the motion of a projected depth edge, referred to here as an image boundary, and that of projected texture elements from the two surfaces on either side of the boundary. The principle underlying this account is that an image boundary moves with the image of the occluding surface to which it belongs. We define boundary flow to be the image-plane velocity of a projected edge; surface flow refers here to the image-plane velocity of texture elements on either side of the boundary. The boundary-jlow constraint holds that when a rigid surface covers or uncovers a second surface at an edge, the boundary flow is the same as the surface flow of the occluding surface at the boundary. More specifically, the image-plane velocity of projected surface elements from an occluding surface approaches the velocity of the image boundary as a mathematical limit. Thus, the constraint applies to projected surface texture immediately adjacent to the boundary. Any image region not satisfying the boundary-flow constraint cannot correspond to an occluding surface in the scene.
identical to those in the boundary-flow conditions, except that the texture fields extended all the way to the boundary. As a result, texture was progressively accreted and deleted on the side that moved differently than the boundary, and texture was preserved (i.e, not accreted and deleted) on the side that moved identically with the boundary.
Both the small gap boundary-flow conditions and accretion/deletion displays yielded high frequencies of depth judgments in the predicted direction; performance in these conditionsdid not differ significantly. When viewing small gap displays with either an objective or a subjective contour, subjects reported perceiving a continuous foreground surface connecting the boundary to the dot region that moved with it. The boundary was perceived as the edge of this surface. The dots on the other side, which moved in a direction opposite to the motion of the boundary, were seen as belonging to a background surface that extended behind the boundary. This background surface was perceived as being covered and uncovered by the foreground surface. More recent work has extended this result to 5-month-old infants (Craton & Yonas, 1988 ). An additional finding in the adult study was that the frequency of depth judgments in the predicted direction diminished as the widths of the gaps in boundaryflow displays increased.
Because human sensitivity to boundary-flow information is a recent discovery, very little is known about the mechanisms that employ this constraint. Our primary goal in the experiments reported below was to specify more precisely the kinetic stimulus variables that determine the perception of depth at an edge from boundary-flow information. One question concerns whether information relating boundary flow to surface flow on both sides of the boundary is required for obtaining a depth effect, or whether surface flow from only one surface is sufficient. Logically, there are two potential sources of information for relative depth order based on the relation of boundary flow and surface flow: (1) the common motion of texture and boundary that specifies an occluding surface; and (2) the differential motion of texture and boundary that specifies an occluded surface.
The first of these relations can be viewed as an elaboration of the Gestalt principle of "common fate" (Wertheimer, 1923) . This principle holds that elements which move simultaneously in the same direction are readily grouped into perceptual units. Such units tend to appear as shaped figures in front of a formless ground. In the present formulation, one of the moving elements is an image boundary corresponding to a depth edge. The second relation above points to the fact that the lack of common fate between projected surface texture and an image boundary also constitutes information for the depth order of surfaces. When a rigid surface occludes a second surface, the boundary flow and the motion of projected surface elements of the occluded surface immediately adjacent to the boundary are different.
In Experiment 1, adult subjects viewed kinetic displays in four conditions. In two of the conditions, a single dot region, on either the right or the left side of the bound-
. . · .. Thompson, 1987) presented adult subjects with randomdot kinematograms in which two separated random-dot regions moved with respect to one another (see Figure 1) . The texture regions moved in counterphase, alternately toward and away from the center of the display. A vertical boundary was placed between the dot regions. The boundary was composed of either a vertical line (objective contour condition, see Figure lA ) or a subjective contour (subjective contour condition, see Figure IB ). This edge representation moved rigidly with the dot region on either the left or the right. An area of blank space between the boundary and the texture region moving in counterphase to the boundary eliminated depth information from the accretion and deletion of texture elements. In addition to manipulating the information specifying a depth edge, the width of the "gap" between boundary and texture regions for displays in the objective contour condition was varied to produce small, medium, and large gap conditions. In the subjective contour condition, only the small gap version was presented. Accretion/deletion displays comparable to those used by Kaplan (1969) were also presented. In these displays, the direction and velocity of motion of the boundary and texture elements were ary, was present ( Figure 2A ). This region moved either rigidly with the boundary (common motion condition) or in counterphase motion with the boundary (differential motion condition). A third display condition (common motion and differential motion combined) contained dot regions on both sides of the boundary (see Figure IB) ; one of the dot regions moved rigidly with the boundary, while the other simultaneously moved in counterphase motion with the boundary. In the fourth condition (no texture control), texture was absent on both sides of the boundary; only end-stopped horizontal lines, used to generate the subjective contour, were present ( Figure 2B ).
EXPERIMENT 1

Method
Subjects. Fourteen unpaid students at the University of Minnesota participated in the experiment as part of the requirements of an introductory psychology course.
Apparatus. Stimuli were presented on a CRT, refreshed every 5 rnsec by an ffiM AT microcomputer. The displays were observed through an 8.5-cm high and 15.5-cm wide aperture (viewing distance: 70 ern; visual angle: 6.9°vertically, 12.5°horizontally) attached to the face of the CRT. Phosphor persistence was minimal BOUNDARY FLOW 171
and did not result in excessive streaking from the translating dots . An eyepatch worn over one eye eliminated binocular information . A keyboard was located directly in front of the subject. A shaded light provided dim overall illumination for the experimental room, sufficient for the dark-adapted subjects to see the response keys on the keyboard . Displays. Four display conditions were presented. In each of the four conditions, a vertical subjective contour was displayed at the center of the screen. The subjective contour was created by a set of 10 horizontal lines that extended behind the viewing aperture on either side of the display and ended at the same vertical midline of the display ( Figures IB and 2 ). These horizontal lines provided information for the presence of surfaces on both sides of the contour. Horizontal movements of the subjective contour were generated by simultaneously lengthening the horizontal lines on one side of the display and shortening the horizontal lines on the other side. The subjective contour translated back and forth continuously (angular displacement, 1.6°/sec), reversing direction approximately every I sec. For displays containing random texture elements, accretion and deletion of some elements occurred at the right and left borders of the viewing aperture. The four display conditions were as follows:
Common and differential motion combined. In this condition, randomly distributed dots to the left and right of the contour formed two texture fields, each containing approximately 80 dots (visual angle of each dot: .1°). Both texture fields were separated from the central contour by blank space. These textureless gaps allowed for lateral motion of the contour and texture fields without providing accretion and deletion cues for depth order. All the dots ina texture field moved in synchronous horizontal motion (angular displacement, 1.6°Isec). The two texture fields alternately approached and receded from one another, reversing direction approximately every 1 sec. On each trial, the lateral motion of the centrally located vertical contour was identical to that of one of the two texture fields; the contour thus moved in counterphase motion with texture on the opposite side. Consequently, both the common motion of a boundary (specified by the subjective contour) and texture on one side and the differential motion of the boundary and texture on the other side provided information for the relative depth of surfaces in this condition. The width of the gap between the contour and identically moving texture field was constant (.8°). The gap width between the contour and the texture field not tied to the motion of the contour changed as the two sides of the display approached and receded from one another (range: .1°-1.6 0). Thus, the average width of the varying gap was equal to the width of the constant gap.
Common motion condition. In this condition, the common motion of a texture field and boundary provided the only information for depth order of surfaces. A single texture field moved rigidly with the subjective contour ( Figure 2A ). The motion parameters and constant gap size were the same as that for the contour and identically moving texture field in the common and differential motion combined condition. Thus, displays in this condition were identical to the common and differential motion combined condition except that they lacked a texture field whose motion differed from that of the contour.
Differential motion condition. In this condition, differential motion of a texture field and boundary provided the only information for the order of depth at an edge. Displays in this condition were identical to those in the common and differential motion combined condition, except that they lacked a texture field that moved identically with the subjective contour.
No texture condition. In this control condition, no information was available for the depth order of surfaces from the relative motion of texture and boundary. Displays in this condition contained only a moving subjective contour produced by horizontal inducing lines. One can observe that the static version of this display sometimes produces the perception of two surfaces ordered in depth ( Figure 2B ).
eRATON AND YONAS
However, this depth ordering is bistable; that is, it alternates spontaneously. We investigated the frequency with which kinetic versions of this display also produced bistable depth perception.
Procedure. Before being tested, the subjects were given the following instructions: "Look at the display and decide which of the following is true: (I) the left side looks like it is in front; (2) the right side looks like it is in front; (3) both sides appear to be the same distance away."
The subjects were instructed to record their responses by pressing one of three keys on a keyboard directly in front of them. Each subject received three practice trials in which two sheets of paper were held in front of the CRT by the experimenter. The relative depth of the sheets of paper was varied so that the one on the left was closer to the subject on one trial, the one on the right was closer to the subject on one trial, and the sheets were equidistant from the subject on one trial. Practice trials were presented in random order, and the subjects were asked to indicate which button represented the appropriate response. All subjects performed quickly and without error on the practice trials.
During test trials, the subjects observed displays monocularly from a distance of 70 em. Head movements were not restricted. The subjects viewed a total of 200 trials, 50 from each of the display conditions. A new random distribution of texture elements was generated for each trial. Displays were generated in blocks of eight trials, such that each display type occurred twice in each block. Within each block, the predicted depth orderings for displays in the three experimental conditions were counterbalanced, so that for each display condition there was one trial specifying an occluding surface on the left and another trial specifying an occluded surface on the right. The order of presentation within blocks was random. Every display continued without interruption until the subject recorded a response. After each response, there was a brief pause, and then the next display was generated. Total testing time was approximately 45 min.
Results and Discussion
The mean percentages of depth judgments consistent with predicted depth order and opposite predicted depth order, as well as mean percentages of "no depth" responses, are presented in Table 1 . The main purpose of Experiment 1 was to determine whether adults are sensitive to depth information specified by two types of relation between the optical motion of a boundary and the optical motion of texture elements adjacent to the boundary. As the data in Table 1 show, adults perceived depth at an edge on the basis of the common motion of texture and a boundary and differential motion between texture and boundary, when these cues were isolated in kinetic displays. In addition, the depth effect obtained for the common and differential motion combined condition (see Table 1 ) replicates previous studies indicating that adults and 5-month-old infants perceive depth at an edge when both the common motion of boundary and texture on one side and the differential motion of boundary and texture on the other side are present.
After each experimental session was completed, the observers were asked to describe their strategies for making depth judgments. All of the subjects maintained that their responses were based on the phenomenal impression of ordered depth of surfaces in three-dimensional space, and it was clear from their descriptions that their ability to perform the task did not involve conscious reasoning about the relations between the motion of the subjective contour and texture elements. The observers were also asked to estimate the perceived separation in depth of the two surfaces. Most subjects commented that it was hard to ascertain any precise amount of depth separation, although several observers reported that the foreground side of the display appeared to "slide" over the background side such that the foreground surface seemed to be in contact with the background surface.
An unexpected finding was that the differential motion displays were more effective than the common motion displays in generating the predicted depth effect. A one-way ANOVA carried out on the mean number of responses consistent with predicted depth order for the three experimental conditions yielded a significant main effect for condition [F(2,26) = 12.67, P < .001]. Tukey post hoc comparisons revealed that the common motion condition generated significantly fewer responses in the predicted direction than did either the differential motion condition or the common and differential motion combined condition (p < .05). Inspection of the individual data showed that 11 out of the 14 subjects responded with the predicted depth order more frequently in the differential motion condition than in the common motion condition. The remaining 3 subjects responded as predicted more often in the common motion condition. A sign test confirmed that the number of subjects showing higher frequency of predicted responding was significantly greater in the differential motion condition (p < .05). A second one-way ANOV A carried out on the mean number of "no depth" responses for each of the four display conditions revealed a significant main effect for condition [F(3,39) = 17.38, P < .001]. Post hoc comparisons based on Tukey's honestly significant difference method indicated that the differential motion condition and the common and differential motion combined condition yielded signifi- candy fewer responses of "no depth" than did the notexture control condition. The common motion condition, on the other hand, did not differ from the no-texture control condition in the number of "no depth" responses. The common motion condition produced significantly more "no depth" responses than did either of the other two experimental conditions (p < .05).
The results of Experiment 1 suggest that information about the differential motion of texture and a boundary is more effective than information about the common motion of boundary and texture in generating the perception of depth at an edge. In Experiment 2, we examined an alternative explanation for this finding, based on differences in the size of the gaps between texture and contour in the common motion and differential motion displays. These gaps were necessary in order to eliminate depth information from the accretion and deletion of texture elements. While the average width of the gap between the subjective contour and texture in the differential motion condition was equal to the constant gap width in the common motion condition (.8°), the gap width in the differential motion condition varied from .1°to 1.6°visual angle. Thus, the distance between contour and texture was smaller in the differential motion condition than in the common motion condition for approximately half the duration of each trial. The texture was immediately adjacent to the contour each time it approached the differently moving contour, before both the texture and the contour changed direction.
Experiment 2 was designed to test the hypothesis that the superiority of the differential motion condition in Experiment 1 was due to the smaller minimum retinal distance between the subjective contour and texture in this condition. This hypothesis predicts that when the constant gap width in the common motion condition equals the minimum gap width in the differential motion condition, there should be no differences between the two conditions in the frequency of predicted depth responses.
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EXPERIMENT 2 Method Subjects. Seventeen unpaid subjects at the University of Minnesota participated in the experiment as part of the requirements of an introductory psychology course.
Apparatus. The displays were generated by a Commodore Amiga microcomputer and observed through a 9-em high and 17.7-em wide aperture (viewing distance: 35 ern; visual angle: 14.4°vertically, 26.8°horizontally). In all other aspects, the apparatus was identical to that used in Experiment I.
Displays. Six display conditions were presented. The five experimental conditions were identical to the common motion and differential motion conditions used in Experiment I, except that the width of the gap between contour and texture was varied within both of these conditions. The width of the constant gap in the common motion displays was varied to produce small constant gap, medium constant gap, and large constant gap conditions (.1°, 1.6°, and 3.3°visual angles, respectively). The average width of the varying gap in the differential motion displays was also varied to produce small varying gap and large varying gap conditions (ranges: .1°_3.3°and 1.6°_5.0°, respectively). The subjective contour and texture fields translated at 1.6°/sec, reversing direction every I sec. The no-texture control condition used in Experiment I was also presented.
Procedure. The general procedure was equivalent to that used in Experiment I, except that subjects viewed a total of 180 trials, 20 in each of the six display conditions. Total testing time was approximately 35 min.
Results and Discussion Table 2 shows the mean percentages of depth judgments consistent with predicted depth order and opposite predicted depth order, as well as the mean percentages of "no depth" responses. A one-way repeated measures ANOVA conducted on the mean number of responses consistent with predicted depth order revealed a significant main effect for condition [F(4,64) 
Four planned comparisons each revealed significant differences (p < .05), discussed below.
The data in Table 2 replicate several findings from Experiment 1. First, both the common motion and differen- tial motion conditions generated the predicted depth effect. The present results also replicate the finding that when the gap width in common motion displays equals the average gap width in differential motion displays, the differential motion displays are more effective in producing a depth effect. The small varying gap (.1°_3.3°) condition generated significantly more responses with the predicted depth order than did the medium constant gap (1.6°) condition [t(16) = 2.38, p < .05]. Similarly, the large varying gap condition (1.6°-5.0°) generated significantly more responses than did the large constant gap
The data do not support the hypothesis that the minimum retinal distance between boundary and texture accounts for the superiority of the differential motion condition over the common motion condition in generating perceived depth from boundary-flow displays. The percentages of depth responses in the predicted direction for the small varying gap condition and the large varying gap condition were nearly identical; the depth judgments in the small, medium, and large constant gap conditions were also quite comparable (see Table 2 ). At the same time, the results of two planned comparisons indicate that both of the varying gap conditions produced significantly more depth responses in the predicted direction than did the constant gap conditions containing identical minimum gap, sizes [small varying gap condition, t (16) 1.78, P < .05; large varying gap condition, t(16) = 2.50, P < .05].
Note that the no-texture control condition in Experiments 1 and 2 generated the perception of surfaces ordered in depth (57.4% and 62.6% of the time, respectively), despite the fact that no information for a particular depth ordering was available. This result is not surprising, given the bistable depth percept that is sometimes generated by the static version of this display ( Figure 2B ). The perception of "unsigned" depth in both the static and the kinetic cases may be due to the presence of T-shaped intersection features formed by the intersection of the subjective contour with the horizontal lines used to induce it. The (normally) vertical segment or stem of a T intersection cannot be closer to the viewer than the segment forming the top of the T (Binford, 1981) . Figure 2B contains some T intersections with the stem of the T located on the right of, and others with the stem on the left of, the top of the T specified by the subjective contour. Consequently, there is conflicting information for the depth order of the right and left surfaces, resulting in the spontaneous reversal of perceived depth order that occurs with prolonged viewing. When boundary-flow information is added to these displays, the percept changes in two ways: First, the frequency of perceived depth increases substantially; and second, the perceived depth ordering becomes stable (see Table 1 ).
Taken together, Experiments 1 and 2 provide convincing evidence for human sensitivity to the two components of boundary-flow information for the order of depth at an edge: (1) the common motion of projected surface texture and an image boundary that specifies an occluding surface; and (2) the differential motion of texture and boundary that specifies an occluded surface. One implication of this result is that the boundary-flow cue is not reducible to the Gestalt principle of "common fate." This principle is consistent with the depth effects obtained in the common motion condition. However, results for the differential condition indicate that the lackof common fate between a boundary and texture on one side of the boundary provides the visual system with information for the depth order of surfaces. Texture that moves inconsistently with a boundary is perceived as a surface that is being occluded by another surface whose edge is specified by the boundary. In fact, when these two kinetic cues are isolated, the "uncommon fate" of a boundary and texture appears to produce a more vivid impression of depth than does the common fate of boundary and texture.
EXPERIMENT 3
In Experiment 3, we investigated the local versus global processing characteristics of the mechanism that extracts depth from boundary-flow information. Thompson et al. (1985) have shown that algorithms which measure local surface flow (i.e., flow occurring immediately adjacent to the boundary) can exploit the boundary-flow constraint in order to recover depth order for a variety of types of object motion. In certain cases, such as when an object is rotating around an axis parallel to the image plane (rotation in depth), local measurements of surface flow are required for veridical depth perception. Consider the parallel projection of a textured opaque cylinder that is rotating about a fixed vertical axis and is presented against a homogenous background. The projected texture undergoes a sinusoidal shift in velocity, such that the velocity of a given texture element approaches that of the two stationary vertical boundaries as the distance between texture and a boundary is reduced. Local measurements of surface flow could in principle be used to determine that the texture and boundaries are part of the same foreground object. In contrast, a mechanism that measured surface flow some distance from the boundaries might mistake this stimulus for an occluded surface passing behind an invisible aperture, since surface flow in the center of the visible surface of the cylinder is quite different from boundary flow.
In the case of parallel projection of a rigid object translating in a direction parallel to the image plane (translation at constant depth), boundary flow will equal surface flow measured in any region of the image corresponding to the occluding surface. Consequently, measurements of surface flow taken quite far away from image boundaries can in principle be used to extract the depth order of surfaces.
Is the human visual system limited to local measurements of surface flow for computing depth order from boundary-flow information? Yonas et al. (1987) found that for translation motion, the depth effect produced by boundary-flow displays diminishes as the width of the gap between texture and a boundary is increased. Subjects viewing displays in a large gap condition, in which the separation between a boundary (specified in this case by a vertical line, see Figure 1A ) and identically moving texture was 3.1°and the separation between boundary and differently moving texture ranged from 2.5°to 3.8°, reported perceiving depth in the predicted order on only 63% of the trials. One interpretation of this finding is that the mechanism that computes depth order from boundaryflow information depends on processes that compute surface flow occurring very close to the boundary. However, even this large gap condition produced a perception of depth relative to control conditions. An alternative interpretation is that as the width of the gap between boundary and texture on either side increases, the texture fields are less likely to be perceived as extending up to the line. The finding that subjects perceive displays like the one in Figure lA as surfaces ordered in depth implies that the visual system effectively "fills in" missing texture in the homogenous gap between the moving line and texture to produce the perception of continuous surfaces. Either of two factors may interfere with surface propagation as the width of the gap between texture and line is increased. First, the visual system may be less willing to propagate a surface across a homogenous space as the size of this gap is increased. For instance, the propagation of a surface from texture to an identically moving line (Figure 1 ) is an instance of the Gestalt law of common fate, which is likely to have limitations on its effective range of operation (Wertheimer, 1923) . Second, if the texture field is sufficiently dense, its border may be perceived as a depth edge and thus disrupt the propagation of an apparent surface. In this case, disruption of surface propagation may be more likely as the width of the gap is increased.
Experiment 3 was designed to determine the factors that account for the weaker depth effects obtained when the distance between texture and boundary is increased. We examined the effects of gap size on perceived depth for displays that differed in the information specifying continuous surfaces extending up to the central boundary. In the objective contour conditions, shown in Figure lA , a vertical line in the center of the display served as a boundary. Displays in this condition required the visual system to perform both surface propagation across a homogenous space and to compute the relative depth of surfaces. Figure 1B depicts the displays in the subjective contour conditions. In these displays, the horizontal lines used to generate the subjective contour extended through the texture to the contour and thus provided support for the perception of a single continuous surface.
By covarying gap size and the presence or absence of perceptual support for a continuous surface, it is possible to determine whether (1) surface-propagation processes or (2) processes that compute relative depth are responsible for the reduced effectiveness of boundary-flow displays as the retinal distance between boundary and texture is increased. Logically, either or both of these processes might be limited to local comparisons between BOUNDARY FLOW 175 boundary and texture. If surface propagation, but not the computation of relative depth, operates more effectively over small retinal distances, then we would expect objective contour displays to produce significantly weaker depth effects as a function of gap width. In this case, increasing gap width may not disrupt the perception of depth from subjective contour displays, since these displays in effect perform surface propagation for the visual system. If, on the other hand, processes involved in the computation of depth order are limited to local comparisons between boundary and texture, then both objective contour displays and subjective contour displays should produce significantly weaker depth effects as a function of increasing gap width.
In Experiment 3, subjects were also presented with displays containing texture regions of high, medium, and low density. This manipulation provided a test of the hypothesis that when gap size is large, a depth edge may be perceived at the border of texture fields and thus disrupt the propagation of a surface extending from the texture fields to the central boundary. This hypothesis predicts an interaction between gap size and density for displays in the objective contour condition. Small gap objective contour displays ought to be equally effective in generating the perception of depth at an edge, regardless of density. In the large gap objective contour conditions, however, low density displays may be more effective than high density displays, since they are less likely to generate the perception of a depth edge at the border of the texture field.
In previous studies of boundary flow, researchers have not attempted to control for the effects of fixation. It is possible that successive fixations to regions on either side of the boundary contribute to the obtained depth effects, particularly in large gap conditions. In Experiment 3, we attempted to minimize the effects of fixation by using brief presentations of the displays and instructing subjects to fixate the moving contour.
Method
Subjects. Seventeen unpaid adults, naive about the purpose of the experiment, served as subjects.
Apparatus. Each subject's stationpoint was fixed by a headrest. In all other aspects, the apparatus was identical to that used in Experiment 2.
Displays. Fourteen display conditions were presented. In each condition, a vertical contour was displayed at the center of the screen. Randomly distributed dots to the left and right of the contour formed two texture fields. All the dots in a texture field moved in synchronous horizontal motion across the screen at 1.6°/sec. Texture on the left and right traveled simultaneously in opposite directions for I sec, and then reversed direction. Thus, the two texture fields alternately approached and receded from one another. On each trial, the lateral motion of the vertical contour at the center of the screen was identical to that of one of the two texture fields.
The display conditions differed in the sort of information they provided to specify the central contour. In the seven objective contour conditions, a vertical line served as a contour (see Figure IA) . Seven subjective contour conditions contained a subjective contour as an edge representation. This subjective contour was created by 10 horizontal lines, as in Experiments 2 and 3 ( Figure IB) .
Within both of these contour conditions, the gap between texture field and contour was varied to produce small and large gap conditions. In the small gap conditions, the width of the unchanging gap between contour and identically moving texture on one side of the contour was 1.6°; the varying width of the gap between contour and texture on the other side ranged from .1°to 3.3 0. In the large gap conditions, constant and varying gap sizes were 8.1°and 6.5°-9.7°, respectively.
The average dot density of texture fields was also varied to produce low, medium, and high density conditions. The numbers of dots per square degree of visual angle were .05, .25, and 1.25, respectively. The visual angle of each dot was .1°.
Two no-texture control conditions were also presented. In the objective contour control condition, a single vertical line moved alternately left and right across a dark homogenous background. The subjective contour control condition was identical to that used in Experiments 1 and 2.
Procedure. The general procedure was roughly equivalent to that used in Experiments 1 and 2, except that each display was presented for a brief time and an attempt to control subjects' fixations was made. Trials consisted of a 3-sec presentation of a centrally located point, followed immediately by a 3-sec presentation of the kinetic display. The subjects were instructed to fixate the centrally located point and then to fixate the translating vertical contour of the kinetic display for the duration of the trial. After each trial, the subject first pressed one of two keys on a keyboard to indicate whether he or she had actually fixated the contour for the duration of the trial. Next, the subject pressed one of three keys to indicate whether the left, the right, or neither side of the display was perceived as occluding the other side. As in Experiments 1 and 2, the subjects received practice trials with sheets of paper to ensure that they understood the instructions.
The subjects viewed a total of 140 trials, 10 from each display condition. As in Experiment 1, the order of presentation of display conditions was random. Total testing time was approximately 30 min, including a short rest period in the middle of the experiment.
Results and Discussion
The comparatively small number of trials in which subjects responded that they had been unable to maintain fixation of the contour were not included in the data analysis. The results for the remaining trials are presented in Table 3 were collapsed for density. As expected, the subjective contour (small gap) condition and the objective contour (small gap) condition yielded strong depth effects, with 93.1 % and 93.4% responding in the predicted direction, respectively. However, Tukey post hoc comparisons revealed differences in the effectiveness of the two large gap conditions. Observers responded in the predicted direction to 79.1% of the displays in the subjective contour (large gap) condition, a level of responding that did not differ significantly from either of the small gap conditions (p > .05). In contrast, the level of predicted depth responding in the objective contour (large gap) condition, 68.7%, was significantly lower than in both of the two small gap conditions (p < .05). In addition, when the individual data were collapsed for density, 12 out of 15 subjects reported perceiving depth in the predicted direction more frequently in the subjective contour (large gap) condition than in the objective contour (large gap) condition. Three subjects responded with the predicted depth order more frequently in the objective contour (large gap) condition than in the subjective contour (large gap) condition. The 2 remaining subjects perceived the predicted depth order with equal frequencies in the two conditions. A sign test revealed that the number of subjects reporting the predicted depth order with greater frequency in The results of a follow-up experiment support the notion that the objective contour (large gap) displays are less likely to produce the perception of ordered depth than the other experimental conditions are. Eighteen naive adult subjects viewed a single continuous display, presented for 1 min, of either the objective contour (large gap) condition or the subjective contour (large gap) condition. The procedure employed was similar to that used in Experiments 1 and 2, except that the practice trials were eliminated and subjects were simply asked to describe the display. Three of the 9 subjects viewing objective contour (large gap) displays for the first time spontaneously reported seeing one surface moving over another, with the predicted depth order. Three subjects reported the predicted depth effect only after being prompted after 30 sec by the question, "Is there any depth suggested in the display?" The remaining 3 subjects failed to report the predicted effect: 2 of these subjects maintained that there was no apparent depth, and 1 subject reported depth in the opposite direction from that specified by boundaryflow information. In contrast, all 9 of the subjects viewing the subjective contour display reported the predicted depth effect: 7 did so spontaneously, and the remaining 2 reported depth only after prompting.
These results argue against the hypothesis that the mechanism which computes depth order from boundaryflow information operates only locally. Even displays in the objective contour (large gap) condition produced weak depth effects, as Yonas et al. (1987) reported for similar displays. The present finding that subjective contour (large gap) displays produce depth effects comparable to those obtained for small gap displays provides further evidence that the visual system is able to consistently use boundaryflow information to compute the depth order of surfaces when the retinal distance between boundary and projected surface texture is relatively large. This result is consistent with the hypothesis that perceptual support for continuous surfaces extending from boundary to texture strengthens the depth impression produced by boundaryflow displays with large gaps. The weaker depth effect obtained in the objective contour (large gap) condition as compared with the objective contour (small gap) displays suggests that these surface-propagation processes are disrupted for large separations between boundary and texture.
GENERAL DISCUSSION
In this article, we have attempted to continue and extend our investigation of human sensitivity to a recently discovered source of information for depth at an edge, the boundary-flow cue. Two components of boundaryflow information were distinguished: (1) An occluding surface projects surface texture that moves identically with the optical boundary projected by its edge; and (2) an oc-
